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consensus that energy based on the deployment and consumption of conventional fossil resources is not environmental-friendly energy for the human development. Many concerns have been dominated by the global concerns of over-population, pollution, water depletion and climate change. The exploitation of renewable energy sources has gained enormous interest during recent years with the ultimate purpose to move towards increased energy sustainability and eventually complete independence from fossil fuel energy and should be thus the priority for human development. The necessities of clean and sustainable energy as well as the reduction of the emissions require new production technology.
In this setting, hydrogen economy is an important energy system for the future. Renewable energy will be used to generate hydrogen as energy carrier. Hydrogen is an ideal energy carrier and an entirely renewable fuel if produced from green electricity and water. It can be stored and transported over large distances by using pipelines or trucks. Moreover, hydrogen is not only a fuel but also an industrial process gas, which can be converted for example into synthetic fuels like methane.
In fact, methane is easier to handle and can be stored more easily than hydrogen. Moreover, the transportation and storage infrastructure are already present and mature. Huge storage capacity in the form of storage tanks and pipeline grids are already available in many countries capable to store a significant share of the country's energy consumption. Methane is essentially used for heating and cooking but also as transport fuel as an interim solution. It can also be used as industrial fuel or transformed into other fuels [1] .
Electrolysis is an electrochemical process converting electrical energy into chemical energy. Water electrolysis consists of decomposing a molecule of water into hydrogen and oxygen and can produce largely carbon-free hydrogen using electricity from CO 2 -free energy sources [2] [3] . Electrolysis can contribute to increasing the share of renewable energy in the total energy system. Electrolysis products can be stored and used for energy production or in the transport sector. In the High Temperature Steam Electrolyser (HTSE) a part of the energy demand of the electrolysis reaction is provided by heat saving a part of the electricity demand. It has the advantage of a higher energy efficiency compared to the low-temperature electrolysis because of reduced cell potential. HTSE is a promising process for emission-free hydrogen production from water and offers positive perspectives for efficient use of renewable energy sources. An energy system with the generation of hydrogen from renewable sources is self-sufficient and a clean CO 2 -neutral alternative for sustainable development [4] [5] [6] . In the frame of the European Fuel Cell and Hydrogen Joint Undertaking (FCH JU) project ADEL (Advanced Electrolyser for hydrogen production with renewable energy sources) the coupling between the HTSE unit and renewable heat and power sources have been analyzed and quantified. Among the renewable sources, wind power can be used to generate hydrogen. Windmills have been used for power production for a long time. Among renewable energy, wind has besides solar energy the greatest capacities in terms of supply for the future energy mix. Wind power has a number of particularities mainly due to its variable nature. It is a diffuse energy that cannot be stored easily. Thus it is interesting to convert wind power to hydrogen via water electrolysis or in particular via HTSE to store wind power in the form of transportable and useful chemical energy. The coupling of HTSE with solar concentrating energy systems has been analysed in [7] and many studies have focused on the possibility of hydrogen production using wind power and low temperature water electrolysis [8] [9] [10] or combining nuclear energy and high temperature steam electrolysis [11] . The feasibility of biogas upgrading to pipeline quality by means of solid oxide electrolysis has been recently studied by the firm Haldor Topsoe and the research department of the technical university of Denmark Riso DTU [12] . However, they have not considered the use of sweep gas in the process, although it was shown that sweep gas is necessary in order to remove the excess oxygen evolved on the anode side of the electrolyser [13] . Even if it is desirable to work without sweep gas from the standpoint of overall process efficiency, there are still significant technical issues due to the handle of hightemperature pure oxygen. This present paper analyses the overall process for the hydrogen production via an HTSE coupled with wind energy, including the use of sweep gas, and the later one methane production from biogas and hydrogen via the coupling of this system (HTSE and wind) with a methanation unit. This includes the simulation of the plant and the analysis of its technical performance. The overall purpose of this study is to find and define in detail a concept to couple a HTSE with wind power in order to convert the renewable electricity in green hydrogen, which will be fed to a methanation unit in order to produce methane as bio fuel and as a long-term storage medium for the energy sector. This concept offers a solution to the challenge of integrating more and more renewable energy into the global energy mix. The paper is structured as follows: Section 2 presents a description of the studied technology and of the flow sheet of the process. Section 3 shows the results of the simulation and discusses them. Finally the conclusion will indicate the most important outcomes of this study and proposals for further works.
Description of the Technology

Concept
The objective of the process presented in this paper is to couple a HTSE with wind energy and biogas in order to produce methane as green fuel. The core part of such process is the HTSE. It is made up of the oxy-reduction of water molecules, driven by a direct electric current. The hydrogen obtained has a high purity. The advantage of the HTSE working at 700˚C is that its electricity consumption is lower than the one of a low temperature electrolyser (PEM or alkaline). Moreover the improvement of reaction kinetics at high temperature enhances the process efficiency. This type of process could enable a large scale hydrogen production in the future [14] . In the scenario developed and described in this paper, the electricity required for the HTSE is stemming from a wind turbine while the water is evaporated by the heat stemming from a methanation unit. This idea is represented schematically in Figure 1 . The hydrogen produced by the HTSE is then sent to a methanation unit in order to produce methane following the Sabatier process, which is nowadays commercially used and which consists of the reaction of hydrogen with carbon dioxide. Actually, methane can be stored more easily than hydrogen. Its transportation, storage and usage are mature and well established e.g. in form of pipeline grids, gas tanks, gas power plants, chemical industries.
Huge storage capacity in the form of storage tanks and pipeline grids are already available in many countries capable to store a significant share of the country's energy consumption.
The concept is thus based on a traditional wind turbine coupled with a HTSE, combined with a methanation unit situated near the natural gas pipeline. A plant capacity of 10 MWel is considered. Figure 2 shows the scheme of the plant. The overall system consists of the four following main sections: the HTSE unit, the wind turbine system, the heat recovery system, and the methanation unit.
HTSE Unit Description
The process of intermediate temperature steam electrolysis is the following: Cathode
At the cathode, the water molecule is dissociated because of the electrical current and the heat provision, in order to form a molecule of hydrogen and an oxygen ion O 2− . Under the effect of the electrical field, the ion O 2− goes through the electrolyte and migrates to the anode where its oxidation produces an oxygen molecule O 2 .
The HTSE works in the thermoneutral mode, which corresponds to an operation in which electrolysis needed heat is brought by all the overvoltages present in the cell. In this mode, outlet gases (H 2 /H 2 O and O 2 ) have the same temperature as the inlet gases (H 2 O/H 2 ). The operating temperature of the electrolyser is a key factor in terms of efficiency of the HTSE process. A high operating temperature leads to the degradation of the solid oxide electrolysis cell but a low operating temperature has a negative influence on the efficiency of the stack. It was thus decided in the frame of the European project ADEL [15] to operate the electrolysis cell at 973 K, which represents a good compromise regarding the durability and the efficiency of the stack.
To assure sufficient lifetime of the stack components, the steam conversion is limited to 60%. The product gas from the electrolyser is led to the heat recovery system where it gives off heat to the incoming steam.
Use of sweeping air to flush the produced oxygen from the cathode is favoured, in order to avoid safety issues of handling pure oxygen at 973 K. The sweeping air flow rates should be minimized in order to optimize system efficiency and limit the size of high-temperature heat exchangers. The system design has been based on a molar air-steam ratio of unity.
The main input data for the electrolyser are summarized in Table 1 . The specifications are based on the as sumptions and results of project ADEL [7] . Electrolyzer systems consist of multiple parallel units. Each unit of the electrolyser consists of 110 parallel stacks, each of which requires 4.5 kWel. As a result, the total amount of power required by each unit is approximately 500 kWel. The case presented here requires thus 20 units.
Wind Turbine System
The amount of energy (MWh) that a wind turbine produces each year depends on many parameters, but the most important factors are the wind speed at hub-height, and the size and type of the turbine. Although there are many different wind turbine configurations, most of them can be classified as either Horizontal-Axis Wind Turbines (HAWTs), which have blades that rotate around a horizontal axis parallel to the wind, or Vertical-Axis Wind Turbines (VAWTs), which have blades that rotate around a vertical axis. The HAWT rotor is placed on the top of a tall tower, which allows to access to stronger winds. The most common type of modern HAWT is the classic "Danish" design of three-blade, upwind and pitch regulated concept. The wind turbine used in the hybrid plant to provide electrical energy to the hydrogen production plant is a horizontal axis wind turbine.
Heat Recovery System
The gases at the outlet of the HTSE stack are coupled with a heat recovery system. This heat recovery system consists of heat exchangers, where steam entering the electrolyser is heated up to the operating temperature of the electrolyser, which has been set at 973 K. The heat of the outlet flows is thus recovered. An electrical heater is necessary in order to reach the operating temperature of the electrolyser. A second electrical heater is added to heat the sweep gas to 973 K if it is necessary for the transient conditions. Thus it enables to control the sweep gas temperature and to guarantee fixed conditions for the sweep gas in the electrolyser. The heat recovery system including the one of the methanation unit does enable to evaporate and heat the water needed for the electrolyser but there is not enough heat to entirely heat the sweep gas which is considered to be needed.
Methanation Unit
Hydrogen is used for the production of methane from the CO 2 content of biogas applying the Sabatier process. The Sabatier process consists of the reaction of hydrogen with carbon dioxide. This reaction takes place in the presence of nickel catalyst at higher temperature and pressure. The Sabatier process is described by the following reaction:
Thus the carbon dioxide containing in the biogas is transformed into methane thanks the hydrogen produced by the HTSE.
Flow Sheet of the Process
The commercial tool Aspen Plus has been used for the steady state simulation of the overall process. Figure 3 shows the process flow diagram of the plant.
Electricity for the electrolyser is produced by the wind turbine. Liquid water enters through the water pump (PUMP1) and is evaporated in the evaporators (EVAPORA1, EVAPORA2, EVAPORA3). These use recovered heat from the methanation unit and from the output streams of the HTSE (STEAMSPL-MEM) which is fed with steam at 973 K and 150 kPa. Before entering the electrolyser, the steam is split into two sub-streams (WATER 3 and WATER 4) which are overheated in the heat exchangers (SUPERHX2 and SUPERHX3) by the streams leaving the electrolyser, before being mixed again. The steam is also mixed with a part of the cathode outlet mixture (produced hydrogen and unreacted steam) in order to have a feed stream of 90%vol water and 10%vol hydrogen to ensure reducing conditions and prevent oxidation of the cathode. The steam is supplied to the cathode side and is split into hydrogen and oxygen ions within the HTSE. The oxygen ions are transferred through the electrolyte to the anode side, where they release electrons and form oxygen molecules. The product gas from the electrolyser is led to the heat recovery system where it gives off heat to the incoming steam. Excess water is condensed and hydrogen is compressed to 3000 kPa. Hydrogen is then sent to the methanation unit (METHA) for the production of methane with carbon dioxide (CO 2 )-rich biogas following the Sabatier process. The produced water from the Sabatier process can be recycled back to the electrolysis stage, reducing the need of new pure water. The heat which accompanied the methanation reaction is used to evaporate the water needed for the HTSE. The mechanical efficiency of the pumps is considered to be 90% while the compressors have been simulated with an isentropic efficiency of 75%.
The biogas consists primarily of methane (CH 4 ) and carbon dioxide (CO 2 ). It may have small amounts of hydrogen sulphide (H 2 S) and in some cases siloxanes. Table 2 shows the typical composition of biogas [16] .
These impurities have negative effects on the methanation unit and should be eliminated. H 2 S is removed in purification column, where the biogas is purified with cooled water under pressure. Water is supplied from cooling system from the top of the column in the reverse direction to the biogas flow. The H 2 S removal process is due to its solubility in water. The column is filled with special material in order to secure good heat conductivity. Water that is used for biogas purification contains dissolved H 2 S is directed to a regeneration column, where the gas is extracted from the water. Finally, the treated water is supplied again to the inlet of the purification column. The purification unit was not considered in this study. Therefore, the biogas feedstock is dry and has a CH 4 content of 65 vol.% and a CO 2 content of 35 vol.%.
Results of the Simulation and Discussion
The nominal conditions of the combined plant and the heat process transfer are assessed. In nominal conditions, it was assumed that 10 MWel will be generated by the wind turbine. The performance of the combined plant under this assumption is analysed.
In order to analyse the combined plant under nominal conditions the simulation tool Aspen Plus is used. Starting from the HTSE conditions, this software allows obtaining the pressure, the temperature and the flow of the different process streams.
The results of the steady state simulation carried out for a 10 MWel plant and concerning the energy con-sumptions of core components are presented in Table 3 . According to Table 3 , the power consumed by the electrical heaters is about 1.5 MW.
The results of the main streams of the process have been summarized in the Table 4 .
Starting from the nominal conditions, the annual yield analysis is performed and the performance of the combined power plant including a wind turbine and a methanation unit is calculated. Table 5 includes the values obtained by the simulation that allow the performance assessment under nominal conditions. The simulation of the combined plant under nominal conditions leads to a hydrogen production rate of 276 kg/h, which corresponds to 1472 kg/h of methane. Thus, a production of 1104 metric tons per year (Mt/a) of hydrogen can be expected from the combined plant, assuming a capacity factor of 50% for the wind turbine, which correspond to 5888 Mt/a.
The overall efficiency of the HTSE process coupled to the wind turbine and the methanation unit can be defined as the ratio of the energy carried by unit amount of produced methane 4 CH ,produced n , in terms of higher heating value of methane ( 4 CH HHV = 889 kJ/mol), to the total energy needed corresponding to the wind energy in form of kinetic energy including the electrical power power P el,heaters for the electrical heaters. The kinetic energy of wind can be calculated as the ratio of the generated electrical power to the efficiency of the wind turbine.
The efficiency of the overall process (wind to methane) can be expressed by the following equation: 
According to the simulation results and assuming a wind turbine efficiency of 50%, the overall efficiency of the combined plant is calculated at 38%.
The efficiency of the HTSE process can be defined as the ratio of the energy carried by unit amount of produced hydrogen, in terms of low heating value of hydrogen ( 2 H LHV = 239.86 kJ/mol), to the energy input of the elecrolysis process, which is in this case the electrical power consumed by the electrolyzer.
The efficiency of the HTSE process can be expressed as follows:
According to the simulation results, the electrical power consumed by the electrolysis unit is 10 MWel allowing the production of a hydrogen flow rate of 138 kmol/h. The efficiency is given by Equation (5) and is 92%.
In fact the direct coupling of a HTSE with a wind turbine implies a variable power output. One possibility to lower the variability of the power supply to the HTSE is to combine the system with another renewable electricity source. Biogas is a renewable energy source and an obvious alternative to fossil fuels. The hybridisation of wind power with biogas energy could lower the variability of the power supply with electricity provided by the combustion of biogas and by the wind. The integration of wind power and biogas energy in a proper combination to form a hybrid system can avoid the intermittent operation of the HTSE with a highly variable power input from the wind turbine. The advantage of the hybridisation of a wind turbine with a biogas combustion unit is to produce a quasi constant quantity of electricity for the electrolyser. In fact, when the wind does not sufficiently blow and the electricity produced does not reach the quantity needed for the electrolyser, some additional electricity can be produced by a biogas combustion unit in order to have a constant supply for the electrolyser. In this manner the quantity of hydrogen produced, and consequently of methane, is still constant. Moreover, the biogas unit can deliver the required heat for generating and overheating the steam. This concept has ben also investigated for a plant capacity of 10 MWel. In this scenario, the electricity required for the HTSE is provided by a wind turbine but also by a biogas combustion unit, in order to lower the variability of the power supply. In this case, a fifth section consisting in a Combined Heat and Power (CHP) biogas unit is added. The use of CHP designs is indeed very common. The process heat is used for hot sweep gas supply, and the electricity generated will be used in the plant for the electrolyser when the electricity coming from the wind turbine is not enough. A part of the biogas is also used after the production of hydrogen in the methanation unit in which methane is produced following the Sabatier process with the hydrogen obtained from the electrolyser. The simulation showed that combined hybrid plant (Wind Turbine and Biogas unit + HTSE) produces 2208 Mt/a of hydrogen corresponding to 11,776 ton of methane per year. This is twice as much as the production of the plant presented before. However, the nominal efficiency of this overall process is calculated to be 11% which is due to the higher biogas consumption and which is much lower than the efficiency of the process plant considered before. Moreover, the costs due to the biogas combustion unit can represent a part non negligible in the investment costs. So the first concept presented before in details in this paper is preferred. Indeed the last research results showed that the HTSE can perform load changes and is thus capable to work with variable electricity input [17] .
Conclusions
In this paper, the wind energy coupled to a HTSE has been investigated. It has been shown in this study that hydrogen can be produced by a HTSE combined with a wind turbine, and used for the production of methane, which is then injected in the natural gas grid. Thus the combination of wind power and biogas offers many advantages in terms of the electricity generation by the wind. An assessment of the combined plant energy performance in nominal conditions has been done. From this analysis, it is concluded that the annual hydrogen production of a 10 MWel Electrolyser coupled with a wind turbine makes this plant to be considered as the hydrogen source for methane production. For a 10 MWel HTSE plant, an annual production of 1104 Mt/a hydrogen and thus of 5888 Mt/a methane is reached, which corresponds to an overall efficiency of 38%. As the electricity is provided only by the wind turbine, the quantity of hydrogen produced varies with the time and is lower over the year as compared with a HTSE coupled to a wind turbine and a biogas unit combustion providing heat but also electricity for the HTSE but the overall efficiency of the presented plant is much better.
Thinking of future work, the demonstration of the durability of the HTSE system has to be done. Moreover, cost estimation has to be calculated to improve the economy of the process. With increasing interest in hydrogen and in renewable energy, this concept will draw more and more attention.
